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In the past decade, long-term sorption and thermochemical heat storage has generated lot of interest. 
This paper presents the state of the art in this field of research, materials used in these systems and 
technological difficulties that researchers are set against. An emphasis is put on recent demonstrative 
projects including absorption and adsorption for long-term solar energy storage. It emerges that 
considerable breakthrough have been made. Even though there is no mature long-term sorption or 
thermochemical energy storage yet, primarily due to the high cost of materials, the suitability of this 
technology to long-term storage remains its main power of attracting. 
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1. Introduction 


With the diminishing reserves of fossil fuels, the increasing 
energy demand and the greenhouse gas emissions rise, buildings 
energy consumption is at a critical stake, as 40% of energy demand 
in Europe is used in buildings [1]. Developing more energy efficient 
and environmentally friendly devices is essential to reach the “3E” 
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objectives, conciliating clean Environment, sustainable Energy 
policy, solid Economy and social development. 

The main role of energy storage systems is to reduce the time or 
rate mismatch between energy supply and energy demand [2] 
(Fig. 1). Solar energy seems to be the most promising renewable 
energy source [3-5] but a lot of technical and economic problems 
have to be solved before large-scale utilization of solar energy can 
occur. Thermal energy storage remains among the ranks of these 
problems, especially when talking about long-term storage. 

Besides, developing efficient and inexpensive energy storage 
devices is a necessity [2] when it is admitted that in the coming 
years, energy supply will be more unstable than in present (Fig. 1): 
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Fig. 1. Trend shift of energy chain between energy supply and demand sides [6]. 
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Fig. 2. Energy density of physical and chemical changes. 


energy will mostly be accessed by renewable energy sources which 
are mainly characterized by discontinuity of production periods 
and shift between energy supply and its use [6]. In addition, greater 
demand fluctuations will appear because of the decentralization of 
energy production linked to the use of renewable energies [6,7]. 

Long-term energy storage refers to applications aiming to store 
energy for a few months or even a whole season (3-6 months) 
[8,9]. Storage density, defined as the amount of energy accumu- 
lated per unit volume or mass [7,10], is in general given in relation 
to materials but it is also often given in relation to all the tanks and 
heat exchangers. It depends strongly on the operation temperature 
range [11]. Mass is an important parameter for applications in term 
of materials cost. The volume can be important when the system 
has to be placed in a restricted or costly place such as urban areas 
[7]. It also has an incidence on the means and costs of containing 
and maintaining vacuum conditions when necessary. 

Heat storage in the form of sensible and latent heat is the most 
studied technologies and is at an advanced state of development 
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(Fig. 2) [2,6,12]. In sensible heat storage, thermal energy is stored by 
raising the temperature of a material [13] and the storage density is 
equal to the product of the specific heat of this material by the 
temperature change [9]. Hot water storage (hydro-accumulation), 
underground thermal energy storage (aquifer, borehole, cavern, 
ducts in soil, pit), rock filled storage (rock, pebble, gravel) are the main 
applications of sensible heat storage, and are described in Ref. [14]. 

Latent heat is the quantity of heat absorbed or released by a 
material, while changing its phase at a constant temperature. A phase 
change material (PCM) melts and takes up energy corresponding to 
the latent heat of the material when the temperature increases above 
the melting point [14]. Conversely, the latent heat is released when 
the material is cooled back and the PCM solidifies. Over 150 PCMs 
and their properties were listed by Zalba et al. [15]. Studies using 
various types of PCMs show that latent heat storage using PCMs can 
store 5-14 times more heat than sensible heat materials [13], which 
are regardless relatively cheaper [9]. However, as physical thermal 
storage systems (sensible heat or phase change) progressively lose 
thermal energy [6], they are not suitable for long-term storage [16]. 

The relevance of storage systems based on sorption phenomena 
thus lies in their high energy density and their negligible heat loss 
and the repetitiveness of storage operations [6,17-19]. Materials 
used in sorption storage have the highest storage density of all 
repetitive storage media [9] and some of the materials may even 
offer storage density close to that of biomass [20] (Fig. 3, [21]). 
With the aforementioned characteristics of sorption materials, it is 
possible to consider long-term solar energy storage, in particular 
seasonal storage, based on sorption, a process that gained recently 
a renewal of interest in research platforms. 

This paper presents the state of the art on Sorption long-term 
Solar Heat Storage (SSHS) and barriers that researchers have to 
overcome. An emphasis is put on recent projects including 
absorption and adsorption. 


2. Terminology 
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The use of the expressions “chemical storage”, “thermochemical 
storage” and “sorption storage” differs from an author to another 
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Fig. 3. Energy density of high energy storage methods (adapted from [21,8]). 
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Fig. 4. Chemical storage and sorption storage classification. 


[9,20,22-27] and itis difficult to find clear boundaries between these 
expressions. Chemical energy storages use reversible chemical 
reactions to store energy in chemical bounds [2]. As shown in Fig. 4, 
this energy is stored by supplying energy as thermal energy 
(thermochemical reactions), electrical energy (electrochemical 
reactions such as in batteries), or as electromagnetic radiation 
(photochemical reactions and photosynthesis) [2,28-30]. 

Sorption can be defined as a phenomenon of fixation or capture of 
agas ora vapour (sorbate) by a substance in condensed state (solid or 
liquid) called sorbent [17,31]. Sorption phenomena can involve both 
thermo-physical and thermo-chemical aspects [32,33]. The term 
“sorption” is a general term which includes both absorption and 
adsorption [31,34] (Fig. 4). Absorption is defined as a phenomenon in 
which a liquid or a gas enters a solid or a liquid [31,35,36] but, 
considering storage applications, this term is usually relative to the 
absorption of a gas by a liquid (absorbent). In the same way, 
adsorption is usually used to designate a phenomenon of binding ofa 
gas on a surface of a solid or porous material [17,33,35] when a more 
general acceptation of the word refers to a surface phenomenon: an 
attachment of gas or liquid phase of a component to the surface of 
another substance [31,37]. Adsorption is split into to two types: 
physical adsorption (physisorption) and chemical adsorption 
(chemisorption or solid/gas chemical reaction) [31-34,37,38]. The 
former is due to Van der Waals forces, the latter involves valency 
forces. Chemisorption processes offer larger heat of sorption than 
physisorption [37,39] but may be irreversible [33]. A good 
comparison of both phenomena has been given in Refs. [33,34,38]. 

The thermodynamic variance can also be used to distinguish 
sorption phenomena: variance equals to two for physical adsorp- 
tion and absorption whereas it equals to one for chemisorption 
[38,40]. Indeed, systems involving chemisorption require only one 
state variable to be specified (e.g. pressure or temperature) when 
two state variables (temperature, pressure or degree of sorbate 
loading) are needed to describe completely a physical adsorption/ 
absorption equilibrium [40,41]. 

Sorption and thermochemical storage systems use a reversible 
physico-chemical phenomena to store energy [17,42]: 


AB + Heat & A+B (1) 
A/B is called a working pair or sorption couple. Under the 


influence of a heat supply, a compound AB is dissociated into 
components A and B which can be stored separately (endothermic 


phenomenon). When A and B are put in touch, component AB is 
formed with a heat release (exothermic phenomenon) [9]. Energy 
can therefore be stored with negligible thermal loss [6,9] since 
heat is not kept in sensible or latent form but as a chemical 
potential. 

Sorption is also used in heat pump technologies [19,41], solar 
refrigeration [38,43], long distance energy transportations [44,45], 
waste heat promotion [6] or as a buffer between heating net and 
space heating systems [46]. 

Sorption processes dedicated to storage can be classified as 
open or closed system [18]. Illustrations on common configura- 
tions will be given in Section 4.2. In open systems, which operate at 
atmospheric pressure, the working fluid vapour is released to the 
environment, which means that only water is used for those 
systems. By contrast, materials isolated from the neighbourhood 
and fluid(s) circulating in closed circuits characterize closed 
systems. Closed systems are able to supply higher output 
temperatures for heating applications than open systems [11]. 
However, the regeneration of closed systems usually requires a 
higher level of temperature than open systems; this results in 
lower solar collector efficiency when considering solar heat 
storage [47]. In closed systems that operate in vacuum conditions, 
the presence of non-condensable gases can reduce strongly the 
system performance [26,48]. 

The closed SSHS process is similar to that of chemical heat 
pumps with a major difference. A chemical heat pump works 
usually with two simultaneous circulations (continuous process) 
and needs therefore a condenser and an evaporator as well as a 
desorber and an ab/adsorber. Heat storage systems work in batch 
mode so that vessels are needed to store the products. In addition, 
the desorber might be used as an ab/adsorber and the condenser 
also as an evaporator [48]. The SSHS operates in charging 
(regeneration) during sunny periods and discharging during 
energy demand periods. Solar energy is captured by solar thermal 
collectors (during summer or days of sunshine in mid season), 
which provide heat to the component AB in Eq. (1): it is the 
regeneration or desorption or charging phase. A and B are stored 
separately in different tanks. In winter, bringing together A and B 
turns the chemical potential into heat: it is the ab/adsorption or the 
discharging phase. 

The following sections are focused on sorption storage, which 
involves a part of thermochemical storage in accordance with 
Fig. 4. 


3. Main challenges and selection criteria 


In SSHS, researchers are mainly submitted to the following 
challenges [49]: 


- the choice of the best system (closed or open); 

- the storage density optimisation linked to the choice of materials 
(this point will be detailed in the following); 

- the vessels/tanks design; 

- the heat exchangers design and the reactors configuration (these 
points will be detailed bellow); 

- pressure drop; 

- the low-temperature heat source in winter; 

- efficiency; 

- cost. 


Materials appear to play a key role in these challenges [9]. A 
suitable material can store the energy without heat loss and is able 
to release this energy immediately when it is needed [50]. There 
are a great number of materials that could be used for sorption 
when focusing only on the thermodynamic principle of reversible 
reactions [17]. Some technical, economic or ecological criteria lead 
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to a closer set. Indeed, usual selection criteria of materials used in 
sorption machines are [18,40,41,51,52]: 


- high affinity for the sorbent by the sorbate: this has an effect on 

the rate of the ab/adsorption reaction, which is important for an 

usable power density; 

better volatility of the sorbate (than the sorbent) in absorption; 

high storage density; 

high thermal conductivity (in particular for adsorption) and high 

heat transfer from sorbate to heat exchangers; 

regeneration (charging) temperature as low as possible: this 

results in higher solar collector efficiency; 

- heat source needed for the evaporation during discharging period 
at relatively low temperature; 

- environment safety, non-toxicity, low Global Warming Potential 
and Ozone Depletion Potential; 

- non-corrosiveness of materials; 

good thermal and chemical stability under operating conditions 

(temperature, pressure); 

moderate operating pressure range: no excessive pressure 

conditions and especially no high vacuum; 

low material cost; 

- etc. 


Another key challenge is linked to reactors, Zondag et al. [53] 
suggested that separate reactors (Fig. 5) are more suitable than 
integrated reactors, for seasonal storage. Indeed, integrated 
reactors are usually used for solid sorption material because the 
transport of the solid material is not necessary when using such 
reactors. However, for large storage, which is often the case in 
long-term storage, all the storage material has to be heated up from 
the ambient temperature at the beginning of the sorption and has 
heat loss to the ambient during and after the discharging [53,54]. 
This results in larger sensible loss especially when the reactor is not 
divided into compartments. By contrast, in a separate reactor, only 
little amounts of sorbent and sorbate are to be heated up in the 
reactor, according to the desired power so that the system is more 
efficient. The heat exchanger surface is also smaller than in the case 
of integrated reactor. Moreover, the reactor can easily be insulated 
since it is smaller. For SSHS purposes, three design cases of separate 
reactors have been presented and discussed in Ref. [53]: fluidised 
bed reactor, extruder reactor system, bulk flow reactor system. 

Concerning the heat exchangers design, the use of efficient heat 
exchangers has a non-negligible effect on the global process. 
Indeed, as aforementioned, the energy storage density is, among 
others, strongly dependent on the required discharging tempera- 
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ture. The minimum temperature of discharging is given by the 
minimum temperature required for the space heating (or domestic 
hot water production) and the driving temperature differences of 
heat exchangers ranging from the space heating loop to the heat 
exchanger of the reactor. Now, the achievable storage density 
decreases drastically, when higher temperature lift is needed 
during discharging [11]. So heat exchangers, especially in the 
reactor, had better a good efficiency. This is all more important 
since some storage materials have low heat conductivity or low 
reaction rate. Similar considerations can be applied to the low heat 
source loop that supplies evaporation energy in winter: the storage 
density decreases with the temperature of the produced vapour. 


4. State of the art 
4.1. Materials currently used or studied 


Different working pairs or materials, according to their ability 
to fulfil aforementioned requirements, have been considered in 
SSHS. Studies aimed to describe physicochemical and thermo- 
dynamic properties of materials suitable for long-term storage of 
thermal energy, since knowledge on materials is a prerequisite to 
the design of different components of storage units, exchangers 
and solar plants [18]. 

In 2004, a study of several (about ninety) potential materials for 
seasonal storage of solar heat has been carried out by ECN (Energy 
research Centre of the Netherlands) [52,55], which, after theore- 
tical simulations and comparison according to a “realisation 
potential” identified the best suitable materials from the first 
selection (see Table 1). They concluded that magnesium sulphate 
heptahydrate (MgSO,:7H20) and iron hydroxide (Fe(OH)2), appear 
(theoretically) to be the most promising materials for development 
of an autonomous thermochemical storage system. Their energy 
density is one order of magnitude larger than that of hot water 
storage. Another conclusion of this study is that the cycle storage 
density is enhanced when using open cycle [55]. However, an 
advanced study of characterization of MgSO4-7H20 [56] shows that 
this material cannot release all the stored heat under practical 
conditions. 

SPF (the institute for Solartechnik Prüfung Forschung) [23] in 
Switzerland, has investigated zeolite and silicagel in the perspec- 
tive of seasonal storage in closed adsorption cycle. They concluded 
that the adsorption process does not offer a potential for long-term 
storage and is more suitable for cooling applications in a thermally 
driven heat pump. They estimated also that a sorption involving 
liquid (absorption) could be more suitable for storage applications 


(b) 
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Fig. 5. (a) Separate reactor and (b) Integrated reactor (adapted from [53]). 
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Table 1 
Thermodynamics characteristics and realisation potentials of the top 5 minerals in the study of ECN [52]. 
Material name Dissociation reaction Energy storage Turnover Realisation 
density of AB temperature potential 
AB = B+ GJ/m? FE % 
Magnesium sulphate MgS04:7H20 MgSO, H20 2.8 122 9.5 
Silicon oxide SiO2 Si 37.9 4065 9.0 
+ HF: 150 
Iron carbonate FeCO3 FeO CO2 2.6 180 6.3 
Iron hydroxide Fe(OH)2 FeO H20 22 150 4.8 
Calcium sulphate CaS04-2H20 CaSO, H20 1.4 89 4.3 


Silicon oxide dissociates at approximately 150 °C with HF (hydrofluoric acid). 


than solid adsorption because the liquid can easily be pumped 
from a tank to another through a reactor. Investigations on the 
geometrical system structure limitations in a closed adsorption 
storage system [50] lead them to suggest that a closed solid-gas/ 
liquid sorption system is more suitable for a heat pump or a cooling 
application than for thermal storage. 

A recent generation of storage materials, called Selective Water 
Sorbents (SWSs) and presenting intermediate behaviours between 
solid adsorbents, salts hydrate and liquid absorbents with on top of 
that a better COP than usual adsorbents (silicagel/H20, zeolite/ 
H20) is under study [57]. A SWS is a two-component material 
based on a porous host matrix with an inorganic salt inside its 
pores [58] for example aluminophosphates [59], SAPO-34 or 
different ion exchanged zeolites [60]. The important advantage of 
such a composite is the possibility to controllably modify its water 
sorption properties in a wide range by changing some variables 
[57]. 

The couples that have been the basis of specific study in SSHS 
are: 


4.1.1. For absorption 

NaOH/H20: Refer to the project of EMPA (Swiss Federal 
Laboratories for Materials Testing and Research in Switzerland) 
in Section 4.2. Caustic soda is highly corrosive [48]. Special care 
must be taken when working with this chemical. 

LiCl/H20: Based on the results presented by ClimateWell (in 
Sweden) [23,61], this pair is not suitable for seasonal storage, not 
because of its storage density (253 kWh/m? LiCl salt), which is 2.7 
times higher than that of water (25/85 °C), but because of the high 
cost of the salt (~3600 €/m?). 

LiBr/H2O: Static simulations made by the LOCIE (Laboratoire 
Optimisation de la Conception et Ingénierie de l'Environnement, 
France), based on an evaporation temperature of 5-10°C to 
produce heat at 25-33 °C in winter, show storage density between 
180 and 310 kWh/m? diluted solution [62]. 


4.1.2. For physisorption 

Zeolites/H20: Zeolites are alumina silicates with high micro- 
porosity [14] and are considered to be compatible with the most 
stringent environmental regulations [63]. Apart from natural 
zeolites (minerals), different types of synthetic zeolites have been 
developed for special purposes [37]. Alefeld et al. [64], reported by 
Kato [6], ruled out the use of zeolites in seasonal storage for 
economical reasons and suggested that zeolites could be used in 
the load levelling within a district heating net. This idea has been 
proved by Hauer [46], who, using the synthetic Zeolite 13X, 
reached experimental storage density of 124 kWh/m? for heating 
and 100 kWh/m? for cooling with COP of 0.9 and 0.86. As synthetic 
zeolites are expensive, a contrast study of natural zeolites to the 
synthetic zeolite 13X was made by Baodi et al. [65]. They reported 
that natural zeolites could be used as storing material instead of 
the 13X synthetic zeolite when the heating temperature is below 
100 °C. 


Silicagel/H20: According to Faninger [9], the storage density of 
silicagel is up to about 4-times that of water (25/85 °C). Silicagel 
has been used for SSHS (closed cycle) by AEE-INTEC (Institute for 
Sustainable Technologies, Austria) [54,66] in a series of studies. 
They achieved experimentally about 50 kWh/m? of material 
storage density whereas they had theoretically estimated to reach 
a storage density of 200-300 kWh/m? before [67]. Their conclu- 
sions reject the idea of using silicagel in long-term storage 
applications since this material is less efficient than water [66], 
even for short-term storage applications [54]. See Section 4.2 for 
more details. 


4.1.3. For chemisorption 

Na2S/H20: Sodium sulphide presents a high sorption capacity 
and a high heat of sorption (300 kJ/mole of NazS salt = 1.1 kWh/kg) 
so that it provides a high thermal power density combined with a 
high energy storage density. In effect, it is a hydrate of Na2S for 
example its nonahydrate (Na2S-9H20) [25] or its pentahydrate 
(Na2S-5H20) [26] that is involved. However, sodium sulphide is 
very corrosive and operates under high vacuum. This material 
storage density as measured by Boer et al. [26] on the SWEAT 
prototype (see Section 4.2) is almost 1.1 kWh/kg (1980 kWh/m?) 
for heat and 0.7 kWh/kg (1300 kWh/m?) for cooling with COP of 
0.84 and 0.57, respectively. Considering the Na2S-5H20, which they 
used, the material storage density is almost 780 kWh/m? for 
heating and 510 kWh/m? for cooling. 

MgSO,-7H20: The magnesium sulphate heptahydrate is shown 
by Visscher and Veldhuis [55] as presenting theoretically a very 
good potential in terms of solar energy storage with high density of 
almost 780kWh/m? [66] at temperature level of 122°C. 
MgSO,:7H20 is non-toxic and non-corrosive but expensive 
(Table 2). However, some experiments performed by EDF R&D 
(Energie De France, France) [68] show that the practical use of pure 
magnesium sulphate is quite difficult because of its low power 
density. van Essen et al. [56] have observed the same phenomenon 
in a study of characterization of this material. They concluded that 
the application of magnesium sulfate as thermochemical storage 
material is quite problematic. 


4.2. Projects based on long-term sorption storage 


Over the past 10 years, some international programmes aiming 
to show the feasibility and the relevance of long-term energy 
storage (solar energy in particular) by sorption have seen the light 
of day: 


- HYDES (high energy density sorption heat storage for solar space 
heating) from 1998 to 2001 [69-71]. 

- MODESTORE (modular high energy density heat storage) from 
2003 to 2006 [10,70,71]. 

- “Task 32: advanced storage concepts for solar and low energy 
buildings” from 2003 to 2007 [49,66]. Table 2 summarizes the 
main characteristics of systems studied during this Task. 
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& Ta g % showed that the temperature lift is not sufficient over water 
2 = 9 3 Ea content of the silicagel of about 13%. In addition, temperature 
N 5 oH : : 
g Bian TER levels of flat-plate solar collectors and available heat sinks can not 
S A Gas os 5 i allow desorption under water content of 3%: the material has to 
So Ssg ne EE operate in a water content range of 3-13%. The study h 
is css Qin il we P g De y has 
$ z iS = aoe TS concluded to the unsuitability of the combination silicagel/H20 
+ N D = . 
zy o B = 5 g g2 for seasonal storage [74] and has suggested for further projects 
E TER z AEE other materials combination such as SWS-1L, Mitsubishi FAM-Z02 
3 a sols and some zeolites [54,66]. However, a storage plant is actually in 
>D D DA r š . "a: ‘e 
à S Ses EREE experimentation for a field test with silicagel/H20 [54]. The main 
x 2z Q Py Eg Ssg industrial partner of the project is currently commercialising this 
a > ; 
g E PEE Be Š = | 3 technology as heat pumps without storage. 
= ia) a A 
S Ei T E 868 2S as ITW Monosorp [8,23,74,75]: The German project named 
un H ~ a . . 
2 BB F OE 2 = 55 os Monosorp, conducted at ITW (Institute of Thermodynamics and 
= z] 28 wn 7 A ` x p 
E ERE £ g ToD yoy 2 £ Thermal Engineering) in the University of Stuttgart (Germany), has 
og Bit” EERO As} is! ee . eee = n 
8 Ly p + z eyggee = - Be the potential to permit a heat seasonal storage with 8 m° of zeolite 
ag g % E 3 5 ashe Pee FA E 4A for a single-family passive house. This concept of open 
3 = 5 oe z fs = 3 3 aae a adsorption (Fig. 7), which has been proved and tested in a 
= N tai 2) H o 2 . 
ESE esë AZEES0CAaS laboratory, begun in 2006. 
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Fig. 7. Operation principle of open adsorption system [75]. 


During the regeneration phase, in particular in summer, solar 
excess heat is used to heat the incoming ambient air in a heat 
exchanger. This air flows throw the storage and dries the zeolite. 
The exhaust air is used to pre-heat the inlet air. During discharging 
periods, especially in winter, wet indoor air is blown throw the 
sorption storage: the zeolite absorbs the humidity and releases 
heat that is transferred to the incoming cold air in the ventilation 
heat exchanger. This warm air is then used for the heating of the 
building. 

The system, which is very simple and flexible, compared to 
other sorption processes, was sized for weekly cycles so that it 
could be tested under varying conditions. It is designed with a 
honeycomb structure in order to improve adsorption kinetics and 
to reduce pressure losses along the process length. Experimenta- 


Charging (Night) 


[rcs] 


130°C Zeolite 


tions have been realised to demonstrate the technical feasibility of 
the project in field conditions (see Table 2). However, the 
desorption temperature is very high, around 180 °C, which makes 
the use of solar heat difficult with this concept. 

Sorption energy storage on district heating net in Munich [46]: The 
system, studied by ZAE Bayern (Center for Applied Energy 
Research) in Germany, is not specifically a long-term storage 
solar energy application. It is an open adsorption system used as a 
buffer in a district heating network to store 1300 kWh for the 
heating during 14 h of a school building with a maximum power of 
135 kW (Fig. 8). This system, which stores without loss as long as 
wanted, is charged in periods when energy is available from the net 
in off-peak hours and can therefore be independent from the net at 
peak demand periods [70]. The system, developed in 1997/1998, 


Discharging(Day) 


Fan 


Fig. 8. Open adsorption energy storage system on district heating net in Munich [46]. 


2392 


uses zeolite 13X as adsorbent and is connected to a district heating 
net in Munich. The storage density is 124 kWh/m? for heating and 
100 kWh/m? for cooling with COP of 0.9 and 0.86, respectively. 


4.2.2. SSHS by chemisorption 

MCES (Modular Chemical Energy Storage) [25]: The prototype 
was built and experimented at laboratory scale at Chiang Mai 
University (Thailand). The project aimed to improve the perfor- 
mance of a sodium sulphide/water chemical energy storage 
previously designed [76]. In this project, the aim is to store both 
heat and cold. In the regeneration phase (Fig. 9), high temperature 
heat is supplied to the reactor located at the top of MCES: water 
vapour is desorbed and condensed by cooling water in a condenser. 
The condensed water flows down to the evaporator where it is 
stored. During the discharging phase, heat is extracted from the 
refrigerated space into the evaporator, in which a cooling effect is 
produced. The evaporated water flows up by buoyancy force into 
the reactor, where it is adsorbed by the sodium sulphide: useful 
heat is released to the circulated cooling oil. 

The main interests of this concept are the modular design (the 
reactor, the evaporator and the condenser aligned into the same 
and straight line), the integrated oil bath that results in a low 
temperature source required (about 79.5°C) and the use of 
graphite additives. Graphite additives (30% by the mass) are mixed 
with the sodium sulfide nanohydrated salt (Na2S-9H20) similarly 
to the techniques stated in Wongsuwan et al. [77] in order to 
improve thermal conductivity and increase the reaction area. It 
reaches a COP of 1.11 (heating + cooling). 

SWEAT (Salt-Water Energy Accumulation and Transformation) 
[26]: SWEAT project, conducted by Boer et al. [26] at ECN, is 
centred on the development of a prototype of modular energy 
storage system for cooling in buildings and industrial applications. 
This closed solid-sorption system uses sodium sulphide and water 
(Na2S/H20) with a regeneration temperature limited to 83 °C. The 
achievements observed during the test of the prototype are 
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Fig. 9. The schematic diagram of the Modular Chemical Energy Storage (MCES) [25]. 


compatible with the theoretical values predicted from simula- 
tions: a heat storage density of almost 1.1 kWh/kg and a cold 
storage of almost 0.7 kWh/kg. These values correspond to 
materials density of almost 780kWh/m? for heating and 
510 kWh/m? for cooling. Some solutions have been used to 
minimize corrosion: use of stainless steel for vessels and copper 
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Fig. 10. Operation principle of closed absorption storage [48]. 
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wire-fin coated by standard epoxy powder for the sorbent heat 
exchanger. The next step of the project would be the monitoring of 
installations in field tests. 

Thermochemical storage using composite materials [68]: 
MgSO,.-7H20 has been investigated by the EDF R&D. The reactor 
is an open system and the water vapour is taken from the 
ambient air. Despite the high theoretical energy density of 
MgSO,-7H20 (dense salt: 780 kWh/m°), the rate of the reaction 
and the power delivered is not sufficient for practical use. 
Therefore, the material needs to be dispersed over a larger 
exchange surface to react at suitable rate and to release greater 
thermal power. Obviously, this decreases the storage density. 
One of the objectives of the project was to optimise the heat 
transfer or the power density of MgSO,-7H20 by using various 
porous matrixes to disperse this salt while preserving the energy 
density as high as possible. Composite materials made of 
magnesium sulphate and sorption materials, such as zeolites 
and silica gels, were prepared in such a way that the porosity of 
the sorption materials is preserved. The water vapour can 
therefore react which both the salt and the matrix. These 
composite materials are designed with 50% of the theoretical 
energy density of the dense salt. 

The results show that zeolite/MgSO, composite is more 
satisfactory than the others. Indeed, temperature lifts around 
30°C and maximal power of 28 mW/g have been obtained during 
the hydration of the zeolite/MgSO, composite; lower values were 
obtained with pure zeolite, silica, or silica/ MgSO, composite tested 
under the same conditions. EDF R&D is currently investigating 
other composite materials made of MgSO,-7H20 in order to 
achieve an energy density of 150-400 kWh/m? at a storage 
temperature compatible with solar thermal panels. 


4.2.3. SSHS by absorption 

EMPA NaOH/H20 [48]: This project, which had firstly been 
abandoned for financial reasons [78,79], has obtained a funding [8] 
in 2006 for the study of a prototype of long-term solar heat storage 
based on the absorption of water by sodium hydroxide (caustic 
soda, NaOH) in a closed system. 

As shown in Fig. 10, during charging phase, solar heat is 
supplied to the low-concentration solution in the regenerator. The 
water vapour is desorbed, flows to the condenser where it 
condenses. The condensated water is collected inside the water 
storage tank. To discharge the NaOH storage, the stored water is 
evaporated in an evaporator using a low temperature source. The 
vapour is absorbed by the highly concentrated NaOH lye in the 
absorber and heat is released. The main advantage of NaOH is its 
cost in relation with its storage density [23] (Table 2). 
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$ desorption 


NaOH solution 


CHARGING 


A calculation made for a single family home according to the 
passive house standard (120 m°, heat demand at 35 °C = 15 kWh/ 
m?, Domestic Hot Water ~50 I/day at 60 °C, evaporator tempera- 
ture = 5 °C) results in a total storage volume of 7 m°, including 
tanks and heat exchangers, in a two stages process. The 
experimental measures performed on the prototype during 
charging have met the expectations of EMPA. The maximum 
attainable absorber temperature was 95°C and the lowest 
condenser temperature reached was 13°C, corresponding to a 
lye concentration of 62 wt%. This concentration value is approxi- 
mately 7 wt% higher than expected. 

To improve the heat production temperature level during 
discharging process or to reduce the required temperature level 
during charging process, a double-stage system can be imagined as 
illustrated in Fig. 11. The overall working principle is similar to the 
common system (single-stage process) except for an added 
regenerator 2, condenser 2 and heat exchanger. To regenerate 
the storage, the NaOH solution flows from regenerator 1 and is split 
up into two flows: the first part enters condenser 2 and the second 
part enters regenerator 2. The condenser 2 is working as an 
absorber, which absorbs the vapour desorbed in regenerator 2. The 
intermediate concentration solution that leaves condenser 2 
returns to regenerator 1. As the pressure in regenerator 2 is 
almost the same in condenser 2, which is lower than that in 
regenerator 1, the concentration of the solution can be increased at 
lower temperature level (95 °C) than that required in regenerator 1 
to reach the same concentration (150 °C). 

For the discharging process, the heat released in the absorber is 
used to produce vapour in the evaporator 2. Since this vapour has a 
higher temperature (and therefore higher partial pressure), it 
produces higher end temperatures. In effect, the double-stage 
process is used to produce the same temperature as in the single- 
stage, but at lower concentration of solution: ~50 wt% (weight 
percent) in single-stage against ~35 wt% in double-stage with 
NaOH. 

The main drawbacks of double-stage processes are the decrease 
in storage density and the complexity of the system, which needs 
more tanks and heat exchangers. 

EMPA intends to build a double-stage prototype [48]. Calcula- 
tions for such a double-stage system lead to a storage density of 
250 kwh/m?. 

TCA (Thermo-Chemical Accumulator): It is probably one of the 
most achieved projects [48] combining absorption and solar 
technologies with a technical mastery of the different components 
of the system. The study was directed especially in storage for 
cooling applications [80] by the SERC (Solar Energy Research 
Center, Sweden) and their industrial partner ClimateWell AB. 
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Fig. 11. Operation principle of double-stage closed absorption process [48]. 
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Fig. 12. Schematic of single unit TCA (Source: ClimateWell AB) [80]. 


However, the system can deliver either cooling (cooling mode) or 
heating (heating mode). Crystallization, a long time bottleneck 
point, has been overcome and that enables the enhancement of the 
storage density and the COP with a so-called “closed three phase 
absorption” (LiCl solution, salt crystals and water) [80,81]. The 
process is similar to that of EMPA. The storage density 
experimentally reached is 253 kWh/m? of LiCl salt. However, 
the high price of LiCl (Table 2) led the authors to dismiss prospect 
of long-term storage, as said before [8,23]. 

Researches are actually continued for the improvement of heat 
exchangers and the global design, so that the cost can be decreased 
[61]. Other salts are also under studies. A machine based on this 
technology (Fig. 12) is actually commercialised by the society 
ClimateWell [81]. It can be noticed that the condenser and the 
evaporator are combined as well as the desorber and the absorber 
(reactor). For charging, poor solution is pumped over the heat 
exchanger and comes closer and closer to the saturation point so 
that solid crystals are formed and collected in the vessel, as they 
fell under gravity. A sieve prevents them from following the 
solution into the pump. The water vapour, which is desorbed, flows 
into the condenser by the gas pipe. 

The process is reversed during discharging, where the solution 
becomes unsaturated on the heat exchanger by absorbing the 
water vapour produced in the condenser (which becomes the 
evaporator). The poor solution falls into the vessel where it 
becomes saturated because of the dissolution of some crystals. The 
heat of evaporation is provided either by the building (cooling 
mode) or by the environment (heating mode). The heat of 
condensation and binding energy release is transferred to the 
environment (cooling mode) or to the building (heating mode). The 
main features of the machine are given in Table 3. 

PROSSIS (PROcédé de Stockage Solaire Inter Saisonnier) [62]: This 
project, currently coordinated by the LOCIE (Laboratoire Optimisa- 


Table 3 
Claimed performances of TCA’ ClimateWell 10 machine [81]. 


tion de la Conception et Ingénierie de l'Environnement, Chambéry 
in France), is interested in the development of long-term solar 
energy storage devices for house heating. The system is based on 
closed absorption. The project plans to store the rich solution with 
crystal in order to increase the energy storage density. Static 
simulations on some potential working pairs have been performed 
and the consideration of a lot of other parameters, thermodynamic 
properties in particular, leads to the choice of LiBr/H20, well 
known in absorption refrigeration processes. A prototype will be 
built to demonstrate the relevance of this concept. 


4.3. Remaining concerns and outlooks 


Following the research developments presented before, some 
challenges concerning SSHS still have to be handled: 


- Comparison of systems based on storage density should take all the 
tanks into account when products of desorption have to be stored: 
this can divided the storage density more than two. The total 
storage density, which includes all the components (in particular 
tanks and heat exchangers), is sometimes hardly higher than that of 
water because of space required by the setting up of these 
components [66]. However, since water storage is not efficient at 
long-term energy storage, even low energy storage density systems 
based on sorption are not long way from being of interest. 

- Separate reactors have to be preferred to integrated one. 

Components such as storage tanks, heat exchangers and man- 

power increase the cost of the system to a great extent [19,61,82]. 

Improvements in their design can allow cost cuts. 

A sufficient rate of sorption is necessary to obtain a usable 

delivered power. This can demand materials combination 

[25,54,68] and a special design of the sorbent bed [54,75] 

especially for solid sorbents. 

Sorption and thermochemical systems always need a low 

temperature heat source, which supplies them an amount of 

energy (for evaporation between 5 and 10°C or more) almost 
equivalent to the quantity of useful heat that can be expected 
from the systems [23,54,70,78]. This source, geothermal for 
example, has to be available in winter. Furthermore, this source 

needs to be free, for the system competitiveness [82]. 

- Arisk of water solidification in pipes (circuits) during winter has 
to be handled for many pairs involving water. 

- The number of operation cycles is limited [18] because after 

many thousand cycles, sorbent has to be changed [19], however 

this problem is not acute for long-term storage systems. 

In some applications, the critical point remains the discharging 

temperature [54]. It is necessary to raise the temperature of the 

sorbent from the ambient temperature (of storage) to the 
discharging temperature or higher, which results in sensible 
thermal losses at operations starting and ending. 

SSHS appear to be very complex, especially in closed systems 

using water as working fluid with difficulties of maintaining long 

time high vacuum [18,19]. 

- The current materials studied in closed adsorption do not meet 
SSHS purposes [66]. They appear to be more suitable for heat 


Mode Storage capacity* Maximum output capacity” Electrical COPS Thermal efficiency 
Cooling 60 kWh 10/20 kw 77 68% 
Heating 76 kWh 25 kW 96 160% 


* Total storage capacity (i.e. including two barrels). 


> Cooling capacity per barrel: 10 kW cooling is the maximum capacity. If both barrels are used in parallel (double mode) the maximum cooling output is 20 kW and the 


heating output is 25 kW. 


© Coefficient of performance (COP) = cooling or heating output divided by electrical input. 
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pump or cooling applications [50] because of not only the storage 
density but also the power density of the dense material. 

- As said before, material choice is still a critical point: most 
materials studied are very expensive [54,55,61,66] (Table 2). A lot 
of experimentations on prototypes, when they are conclusive, 
lead to heat pumps applications, often because of the materials 
cost [11,17,55,57]. 


5. Conclusion 


Up to now, studies that have been carried out on SSHS have 
demonstrated the feasibility of such systems but have ended up in 
chemical heat pumps or short-term storage machines for those 
with highest performances. This is mainly due to inapt materials 
(storage density/efficiency for a given investment and discharging 
temperature) but also technological difficulties and cost of 
components. Materials that have been studied are essentially 
the same that are used for conventional absorption/adsorption 
machines, i.e. chemical heat pumps and absorption chillers. 
Studies interested in closed adsorption have led unsatisfying 
results but those that used closed absorption seem to be promising. 
Therefore, it would be interesting to continue research in this 
direction. 

Lastly, beyond those different points, common challenges 
remain as far as sorption systems are concerned, at technological 
and/or scientific levels: spraying, tightness, design (pressure drop, 
heat transfer, long time high vacuum maintaining), technological 
choices (exchanger type), surface treatment/covering of plaques, 
handling of crystallization, reactor design, falling film flow 
improvement, heat and mass transfer temperature of collectors, 
transients management and inertias influence, transients model- 
ling, etc. 


Acknowledgement 


We are grateful to the ANR (French National Research Agency) 
to have financed this research project PROSSIS ANR-07-Stock-E-08. 


References 


[1] La Région wallonne. La consommation énergétique de nos batiments, un enjeu 
crucial pour l'avenir; 2006. http://energie.wallonie.be. 

[2] Garg HP, Mullick SC, Bhargava AK. Solar thermal energy storage. Dordrecht: 
Reidel Publishing Company; 1985. 

[3] Galloy PD, Hayt F. Précis d’histoire du temps présent: (1914-2002), 6th ed., De 
Boeck Education; 2005. 

[4] Asif M, Muneer T. Solar thermal technologies. In: Capehart BL, editor. Ency- 
clopedia of energy engineering and technology. CRC Press; 2007. p. 1321. 

[5] Yogi Goswami D, Kreith F, Kreider JF. Principles of solar engineering, 2nd ed., 
London: Taylor & Francis; 2000. 

[6] Kato Y. Chemical energy conversion technologies for efficient energy use. In: 
Thermal energy storage for sustainable energy consumption. Netherlands: 
Springer; 2007. pp. 377-91. 

[7] Ibrahim H, Ilinca A, Perron J. Energy storage systems—characteristics and 
comparisons. Renewable and Sustainable Energy Reviews 2008;12(5):1221-50. 

[8] Bales C, Solar Energy Research Center (SERC). Chemical and sorption heat 
storage. In: Proceedings of DANVAK seminar, DANVAK seminar (solar heating 
systems - Combisystems - heat storage); November 2006. 

[9] Faninger G. Thermal energy storage; 2004. etn.wsr.ac.at. 

[10] Gartler G, Jahnig D, Purkarthofer G, Wagner W. Development of a high energy 
density sorption storage system. In: Proceedings of the Eurosun 2004, Frei- 
burg, Germany, 20-24 June 2004. aee-intec.at. 

[11] Hauer A. Sorption storages for solar thermal energy—possibilities and limits. 
In: Proceedings of the Eurosun 2008, 1st international conference on solar 
heating, cooling and buildings; 2008. 

[12] Sethi VP, Sharma SK. Experimental and economic study of a greenhouse 
thermal control system using aquifer water. Energy Conversion and Manage- 
ment 2007;48(1):306-19. 

[13] Sharma A, Tyagi VV, Chen CR, Buddhi D. Review on thermal energy storage 
with phase change materials and applications. Renewable and Sustainable 
Energy Reviews 2009;13(2):318-45. 

[14] Nielsen K. Thermal energy storage—a state-of-the-art. A report within the 
research program Smart Energy-Efficient Buildings at the Norwegian Uni- 
versity of Science and Technology and SINTEF; 2003. 


[15] Zalba B, Marin JM, Cabeza LF, Mehling H. Review on thermal energy storage 
with phase change: materials, heat transfer analysis and applications. Applied 
Thermal Engineering 2003;23(3):251-83. 

[16] Masruroh NA, Li B, Klemes J. Life cycle analysis of a solar thermal system with 
thermochemical storage process. Renewable Energy 2006;31(4):537-48. 

[17] Hauer A. Sorption theory for thermal energy storage. In: Thermal energy 
storage for sustainable energy consumption. Netherlands: Springer; 2007. 
pp. 393-408. 

[18] Bales C. Thermal properties of materials for thermo-chemical storage of solar 
heat; 2005. p. 18. www.iea-shc.org. 

[19] Demir H, Mobedi M, Ülkü S. A review on adsorption heat pump: problems and 
solutions. Renewable and Sustainable Energy Reviews 2008; 12(9):2381-403. 

[20] Hastings R, Wall M, IEA Energy Conservation in Buildings & Community 
Systems Programme, editors. Sustainable solar housing: exemplary buildings 
and technologies. Earthscan; 2007. 

[21] Hadorn J-C, editor. Thermal energy storage for solar and low energy build- 
ings—state of the art. Lleida, Spain: Servei de Publicacions de la Universitat de 
Lleida; 2005. 

[22] Istria S, Castaing-Lasvignottes J, Neveu P. Energetic analysis, application field 
and performance of a new thermochemical sorption cycle: the multisalt 
system. Applied Thermal Engineering 1996;16(11):875-89. 

[23] Bales C. Final report of Subtask B “Chemical and Sorption Storage” the over- 
view; 2008. p. 23. www.iea-shc.org. 

[24] Alefeld G, Radermacher R. Heat conversion systems. Boca Raton, FL: CRC Press; 
1993. 

[25] lammak K, Wongsuwan W, Kiatsiriroj T. Investigation of modular chemical 
energy storage performance. In: The joint international conference on “sus- 
tainable energy and environment (SEE)”; 2004. 

[26] Boer RD, Haije W, Veldhuis J, Smeding S. Solid sorption cooling with integrated 
storage: the SWEAT prototype. In: 3rd international heat powered cycles 
conference—HPC 2004; 2004. 

[27] Mugnier D, Goetz V. Energy storage comparison of sorption systems for 
cooling and refrigeration. Solar Energy 2001;71(1):47-55. 

[28] Kharchenko NV. Advanced energy systems, illustrated ed., Taylor & Francis; 
1997. 

[29] Gallagher PK, Brown ME, Cheng SZD, Kemp RB. Handbook of thermal analysis 
and calorimetry. Elsevier; 1998. 

[30] Garg HP, Prakash J. Solar energy: fundamentals and applications. McGraw- 
Hill; 2000. 

[31] Office de la Langue Française (OLF). Grand Dictionnaire Terminologique. 
Québec, Canada. www.olf.gouv.qc.ca. 

[32] Vasiliev LL, Kulakov AG. Heat pipe applications in sorption refrigerators. In: 
Sadik Kakac HFS, Avelino MR, editors. Low temperature and cryogenic refrig- 
eration: proceedings of the NATO advanced study institute. Held in Altin 
Yunus-Cesme, Izmir, Turkey, June 23-July 5, 2002. Springer; 2003. p. 401. 

[33] Inglezakis VJ, Poulopoulos S. Adsorption, ion exchange and catalysis: design of 
operations and environmental applications. Elsevier; 2006. 

[34] Aveyard R, Haydon DA. An introduction to the principles of surface chemistry. 
CUP Archive; 1973. 

[35] Armstrong F, Blundell K. Energy... beyond oil. Oxford University Press; 2007. 

[36] Ong SK, Environmental and Water Resources Institute (U.S.), Natural Processes 
and Systems for Hazardous Waste Treatment Task Committee. Natural pro- 
cesses and systems for hazardous waste treatment, illustrated ed., Reston, VA: 
ASCE Publications; 2007. 

[37] Srivastava NC, Eames IW. A review of adsorbents and adsorbates in solid- 
vapour adsorption heat pump systems. Applied Thermal Engineering 
1998;18(9-10):707-14. 

[38] Wang LW, Wang RZ, Oliveira RG. A review on adsorption working pairs for 
refrigeration. Renewable and Sustainable Energy Reviews 2009;13(3): 
518-34. 

[39] Mandelis A, Christofides C. Physics and chemistry and technology of solid state 
gas sensor devices, illustrated ed., New York: Wiley-Interscience; 1993. 

[40] 2005 ASHRAE handbook: fundamentals, I-P edition, Atlanta: American Society 
of Heating, Refrigerating and Air-Conditioning Engineers; 2005 pp. 1.13-1.5. 

[41] Wongsuwan W, Kumar S, Neveu P, Meunier F. A review of chemical heat pump 
technology and applications. Applied Thermal Engineering 2001;21(15): 
1489-519. 

[42] Kawasaki H, Watanabe T, Kanzawa A. Proposal of a chemical heat pump with 
paraldehyde depolymerization for cooling system. Applied Thermal Engineer- 
ing 1999;19(2):133-43. 

[43] Zhai XQ, Wang RZ. A review for absorbtion and adsorbtion solar cooling 
systems in China. Renewable and Sustainable Energy Reviews 2009;13(6- 
7):1523-31. 

[44] Berthiaud J, Mazet N, Luo L, Stitou D, Descamps I. Long-distance transport of 
thermal energy using sorption cycles. In: Proceedings of ATI conference; 2006. 

[45] MaQ, Wang RZ, Luo L, Zaizhong X, Peng L. Transportation of low-grade thermal 
energy over long distance by ammonia-water absorption. Chinese Science 
Bulletin 2008. 

[46] Hauer A. Thermal energy storage with zeolite for heating and cooling applica- 
tions. In: Proceedings of 3rd workshop of annex 17 ECES IA/IEA; 2002. 

[47] Hauer A, Lavemann E. Open absorption systems for air conditioning and 
thermal energy storage. In: Thermal energy storage for sustainable energy 
consumption. Netherlands: Springer; 2007. pp. 429-44. 

[48] Weber RVD. Long-term heat storage with NaOH. Vacuum 2008;82(7):708-16. 

[49] Hadorn J-C. IEA solar heating and cooling programme—Task 32: advanced 
storage concepts for solar and low energy buildings. In: Proceedings of ECO- 


2396 K.E. N’'Tsoukpoe et al. / Renewable and Sustainable Energy Reviews 13 (2009) 2385-2396 


STOCK, Richard Stockton College, New Jersey, 31 May-2 June 2006. http:// 
www.iea-shc.org. 

[50] Gantenbein P. Fundamental geometrical system structure limitations in a 
closed adsorption heat storage system. In: Proceedings of the Eurosun 
2008, 1st international conference on solar heating, cooling and buildings; 
2008. 

[51] Gantenbein P, Brunold S, Flückiger F, Frei U. Sorption materials for application 
in solar heat energy storage. Institute fiir Solartechnik SPF, University of 
Applied Sciences Rapperswil, Switzerland. www.solarenergy.ch. 

[52] Visscher K, Energy research Center of the Netherlands (ECN). Simulation of 
thermo chemical seasonal storage of solar heat—material selection and opti- 
mum performance simulation. In: Proceedings of workshop 2004 2nd work- 
shop Matlab/Simulink for building simulation, CSTB, Paris, France, 14-15 
October 2004. http://ddd.cstb.fr/simbad/workshop2. 

53] Zondag AH, Kalbasenka A, van Essen M. First studies in reactor concepts for 

thermochemical storage. In: Proceedings of the Eurosun 2008, 1st interna- 

tional conference on solar heating, cooling and buildings; 2008. 

54] Jaehnig D, Hausner R, Wagner W, Isaksson C. Thermo-chemical storage for solar 

space heating in single-family house. In: ECOSTOCK conference; May 2006. 

55] Visscher K, Veldhuis JBJ. Comparison of candidate materials for seasonal 

storage of solar heat through dynamic simulation of building and renewable 

energy system. In: Proceedings of the ninth international building perfor- 

mance simulation association; 2005. 

56] van Essen M, Zondag AH, Schuitema R, van Helden WG], Rindt CCM. Materials 

for thermochemical storage: characterization of magnesium sulfate. In: Pro- 

ceedings of the Eurosun 2008, 1st international conference on solar heating, 

cooling and buildings; 2008. 

57] Aristov Y. New family of solid sorbents for adsorptive cooling: material 

scientist approach. Journal of Engineering Thermophysics 2007;16(2):63-72. 

58] Freni A, Russo F, Vasta S, Tokarev M, Aristov YI, Restuccia G. An advanced solid 

sorption chiller using SWS-1L. Applied Thermal Engineering 2007;27(13): 

2200-4. 

59] Janchen J, Ackermann D, Weiler E, Stach H, Brésicke W. Calorimetric inves- 
tigation on zeolites, AIPO,’s and CaCl, impregnated attapulgite for thermo- 
chemical storage of heat. Thermochimica Acta 2005;434(1-2):37-41. 

60] Janchen J, Ackermann D, Stach H, Brosicke W. Studies of the water adsorption 
on zeolites and modified mesoporous materials for seasonal storage of solar 
heat. Solar Energy 2004;76(1-3):339-44. 

61] Bales C. Thermal storage with the thermo-chemical accumulator (TCA). In: 
Proceedings of Ecostock 2006; 2006. 

62] Le Pierrés N, Liu H, Luo L. Solar thermal energy storage for house heating 
through LiBr/H20 absorption process: preliminary energy evaluation. In: 
Proceedings of global conference on global warming-2008 (GCGW-08); 2008. 

63] Zeolith-Technologie GmbH. Cleantech for Cooling, Heating and Drying; 2008. 
www.zeo-tech.de. 

64] Alefeld G, Maier-Laxhuber P, Rothmeyer M. Thermochemical heat storage and 
heat transformation with zeolites as adsorbents. In: Proceedings of IEA con- 
ference on new energy conversion technologies and their commercialization, 
Berlin; 1981. pp. 796-819. 


[65] Baoqi H, Hongyen Y, Dequan Y, Guoxi L. Utilization of natural zeolites for solar 
energy storage. In: Nan L, Best G, de Carvalho Neto CC, editors. Integrated 
energy systems in China—the cold Northeastern region experience. Rome: 
FAO; 1994, www.fao.org. 

[66] Bales C. Laboratory tests of chemical reactions and prototype sorption storage 
units; 2008. www.iea-shc.org. 

[67] Hug R. Summer sun all winter: seasonal heat reservoir covers heating needs up 
to 100%. The solarserver. www.solarserver.de. 

[68] Hongois S, Stevens P, Coince A-S, Kuznik F, Roux J-J. Thermochemical storage 
using composite materials. In: Proceedings of the Eurosun 2008, 1st interna- 
tional conference on solar heating, cooling and buildings; 2008. 

[69] Nunez T, Henning H-M, Mittelbach W. High energy density heat storage 
system—achievements and future work. In: Proceedings of 9th international 
conference on thermal energy storage, Futurestock 2003; 2003. 

[70] Hauer A. Adsorption systems for TES-design and demonstration projects. 
Thermal Energy Storage for Sustainable Energy Consumption; 2007. pp. 
409-27. 

[71] MODESTORE Modular High Energy Density Sorption Storage. www. ise.fhg.de. 

[72] International Energy Agency (IEA). Compact thermal energy storage: material 
development and system integration; 2008. epos.ecn.nl. 

[73] Bakker M, van Helden WG], Hauer A. Advanced materials for compact thermal 
energy storage: a new joint IEA SHC/ECES task. In: Proceedings of the Eurosun 
2008, 1st international conference on solar heating, cooling and buildings; 
2008. 

[74] Hadorn J-C, Bales C, Streicher W, Drueck H. Projet 32: Concepts de stockage 
innovants pour batiments solaires et basse énergie. IEA SHC e-Newsletter n° 4; 
2007. 

[75] Kerskes H, Institut für Thermodynamik und Warmetechnik (ITW). Seasonal 
sorption heat storage. DANVAK seminar (solar heating systems - Combisys- 
tems - heat storage), DTU Lyngby, Danemark, 14 November 2006. 

[76] Wongsuwan W. Performance analysis of reactor for thermochemical energy 
storage (TCES). Final report. Department of Mechanical Engineering, Faculty of 
Engineering, Chiang Mai University, Thailand; 2004. 

[77] Wongsuwan W, T R, C C, Kiatsiriroj T. A performance study on a chemical 
energy storage system using sodiumsulphide-water as the working pair. 6th 
IIR Gustav Lorentzen natural working fluids conference, Glasgow, UK, 29th 
August-1st September 2004; 2004. 

[78] Hadorn J-C, Wolfer U, Office fédéral de l'énergie OFEN. Programme «Solaire 
actif - Chaleur et Stockage de chaleur». Activités et projets en 2004; 2005. 
www.solarenergy-thermal.ch. 

[79] Hadorn J-C. Rapport de synthése 2005 pour le programme de recherche Solaire 
actif - Chaleur et Stockage de chaleur. Département fédéral de l’environne- 
ment, des transports, de l'énergie et de la communication DETEC/Office fédéral 
de l'énergie OFEN. Confédération Suisse; 2005. 

[80] Bales C, Nordlander S. TCA evaluation—lab measurements, modelling and 
system simulations. Borlänge, Sweden: Högskolan Dalarna; 2005 www-serc.se. 

[81] ClimateWell AB. Product description ClimateWell™10; February 2008. 

[82] Storch G, Hauer A, ZAE Bayern. Feasibility study for mobile sorption storage in 
industrial applications. IEA-ECES workshop. www.iea-eces.org. 


